We present Very Large Array (VLA) continuum (2, 3.6, and 20 cm) and line (H I 21 cm, C92a, and H92a) observations toward the obscured cometary-like H II region located near the optical nebulosities GGD 12È15. We Ðnd that the H92a recombination line proÐle is asymmetric, probably due to a superposition of line emission from the H II region and from an underlying partially ionized medium (H0). The observed kinematics of the ionized gas suggests that the H II region is undergoing a champagne Ñow. The C92a observations show that the C`emission arises from an extended region of D20A in size that is closely associated with the H II region. The C`emission has a line center velocity of 11.9 km s~1, similar to the velocity of the ambient molecular cloud (D11 km s~1). The 21 cm H I spectrum shows emission and absorption line components. The H I line in emission is detected from a region of D23A in diameter, with a center velocity of 15.4 km s~1 and peaks to the east of the H II region. The absorption feature is unresolved (¹22A), has a line center velocity of 11.7 km s~1, and lies in front of the H II region. Both the C92a and H I emissions are interpreted as arising from a photodissociated region (PDR) around the cometary H II region. An isothermal model has been used to derive the physical parameters of the photodissociated hydrogen gas around the H II region. We derive that the PDR region has an excitation temperature of D330 K, a hydrogen column density of D6 ] 1021 cm~2, a H I number density of D1.5 ] 104 cm~3, and a H I mass of D5
INTRODUCTION
The red nebulous objects GGD 12È15 (Gyulbudaghian, Glushkov, & Denisyuk are located in an active star-1978) forming region embedded in the Monoceros molecular cloud, at a distance of D1.0 kpc & van den Bergh (Racine et al.
The star formation activity is 1970 ; Rodri guez 1980) . evidenced by the presence of a strong water maser, a compact H II region a 1978, 1980) , bipolar CO outÑow et al. Heaton, (Rodri guez 1982 ; Little, & Dent The water maser lies near the major axis of 1990). the bipolar outÑow and possibly indicates the position of the source powering the outÑow. A near-infrared source has been found at the position of the water maser et al. (Harvey but no radio continuum emission has been detected 1985), at 8.3 GHz by et al. at a 3 p upper limit of 0.3 Tofani (1995) mJy. Several 2 km sources are found in the central area, implying the presence of a recently formed cluster (Harvey et al.
The compact H II region is associated with the 1985). IRAS object 06084[0611, which has a luminosity of D104
and is located D30A southwest from the maser L _ H 2 O source. Submillimeter observations made by et al. Little show that the brightest peaks are centered near the (1990) position of the H II region. The region also contains dense gas, as traced by ammonia observations et al. (Rodri guez & Marcaide et al. 1980 ; Gu sten 1986 ; Torrelles 1989) . The compact H II region located near GGD 12È15, which is the subject of this work, was Ðrst detected by et Rodri guez al.
who estimated that it is excited by a B0.5 zero-age (1980), main sequence (ZAMS) star with a luminosity of D104 L _ . Its radio continuum spectrum between 1.4 and 23 GHz is Ñat & Canto indicating that the ionized (Rodri guez 1983), gas is optically thin in that wavelength range. High angular resolution radio continuum observations made at several frequencies have revealed that the compact H II region has a cometary morphology Churchwell, & Wood (Kurtz, 1994 ; et al. this paper) . Two main models have been Tofani 1995 ; proposed to explain the cometary morphologies of H II regions : champagne Ñows and stellar (Tenorio-Tagle 1979) wind bow shocks Buren et al. Observations of (van 1990) . radio recombination lines and molecular lines have been very useful in discerning between these two models by studying the kinematic properties of the ionized gas and comparing them with those of the molecular gas & (Wood Churchwell Lizano, & Go mez 1991 ; Garay, 1994 ; Go mez, Garay, & Lizano 1995) .
The main goals of this paper are to investigate the origin of the cometary structure of the H II region associated with GGD 12È15 and to study its possible relation with surrounding partially ionized and photodissociated neutral components. The latter components can be studied through observations of emission from several atoms, such as hydrogen and carbon, which are found in the partially ionized gas just outside the H II region. In photodissociated regions, the most abundant ionized element is carbon ; thus the study of the kinematics and physical conditions of the photodissociated region (PDR) can be made through obser- MHz, centered at the LSR velocity of 12 km s~1, and 63 spectral channels 48.8 kHz wide each (D1.76 km s~1 at the observing frequencies) plus a continuum channel containing the central 75% of the total band. The Ñux density scale was determined from observations of the amplitude calibrator 0134]329, for which a Ñux density of 3.35 Jy was assumed. The phase calibrator was 0605[085, for which a bootstrapped 3.6 cm Ñux density of 2.89^0.01 Jy was obtained. The shape of the bandpass was determined from observations of the strong continuum source 0316]413, for which we determined a Ñux density of 24.9 Jy. The line data were calibrated by applying the solution of the continuum channel. Line (u, v) data were made by subtracting the continuum (line free) channels from the visibility data by use of the task UVLIN. Maps were made by use of the task IMAGR with the robust parameter of set Briggs (1995) (1980) . At 21 cm we detected an unresolved radio continuum source with a total Ñux density of 80^10 mJy and a peak position at and
We detected H92a line emission toward the cometary H II region in the velocity range from D3 to 24 km s~1. The spectrum integrated over the solid angle with detectable emission is shown in From a single Gaussian Ðt to Figure 2 . this spectrum we Ðnd a line width (FWHM) of 13.4^0.7 km s~1, which is very narrow compared with typical line widths of radio recombination lines from H II regions (º25 km s~1). The asymmetric shape of the line shown in Figure  suggests , however, that the H92a line proÐle might be 2 produced by the blend of narrow and wide line components. We hypothesize that the observed shape of the line proÐle is produced by the blend of a narrow feature arising from an underlying partially ionized medium (usually called an H0 line) and a wider emission feature arising from the H II region. Since these lines are commonly blended, the radial velocity di †erence between the H II region and the PDR is typically small (a few km s~1) and determining their indi-FIG. 2.ÈH92a integrated spectrum toward the GGD 12È15 region. The solid line shows the Ðt to the data with two Gaussians. The dot-dashed lines show the broad and narrow Gaussians, which are interpreted as corresponding to the emission from the H II region and from the partially ionized medium, respectively. The rms noise level in a single spectral channel is D1.3 mJy beam~1.
vidual parameters is difficult. From a Ðt of two Gaussian components to the H92a line proÐle we Ðnd that the broad and narrow components have line widths of 14.4^0.6 km s~1 and 3.6^1.1 km s~1, respectively. The parameters of the Ðt are presented in Even when the modest Table 1 . signal-to-noise ratio of the H92a spectrum does not obviously justify a two-Gaussian Ðt, we favor this procedure for several reasons. None of these arguments is compelling, but taken together they suggest that the approach is reasonable. First, the Ðtting with two Gaussians is somewhat better than the Ðtting with one Gaussian under a s2 criterion. Second, the two-Gaussian Ðt is quite robust, converging to the same solution regardless of changes in the initial estimates of the parameters. Finally, observations of the H110a recombination line proÐle in the region et al. (Go mez 1998) show a similar asymmetry.
Narrow H0 line emission has been observed only toward a few other H II regions et al. Gorkom (Ball 1970 ; van 1980 ; Roelfsema & Goss Goss, & 1991 , 1992 Anantharamaiah, Dewdney & Phillips et al. 1990 ; Onello 1995 ; Garay 1998) and is interpreted as arising in a partially ionized layer very close to the H II region.
et al.
Ðnd that the Garay (1998) partially ionized gas associated with the source S 88B2 is warm, with an electron temperature of D800 K, and has an electron density of D250 cm~3. Furthermore, their modeling shows that the H0 line contributes signiÐcantly to the observed emission only when it is stimulated by a background source, usually the H II region. Then, if we assume here that the H92a line has been contaminated by an H0 line, the maximum of contamination should be close to the peak continuum position. Observations with higher spectral and spatial resolution are needed to clearly conÐrm whether, in fact, the integrated H92a line emission in the H II region is contaminated by a narrow H0 line from a partially ionized medium and to study the physical properties of this partially ionized gas.
The low angular and velocity resolutions of our observations do not allow a detailed study of the velocity gradients in the H II region. A map of the Ðrst moment of the H92a line emission shows, however, that the velocity is D11 km s~1 near the head of the H II region and increases toward the tail, reaching a velocity of D15 km s~1 (see Fig. In what follows we will adopt 11 km s~1 as the LSR 3). velocity of the ambient molecular gas that surrounds the H II region from the observations of et al. NH 3
Rodri guez The champagne model predicts that the ionized gas (1980) . at the head of the cometary structure is at rest with respect to the ambient molecular gas and also that the velocity increases from the head, where the density is high, toward the lower density region (tail). Therefore, the kinematics observed toward this H II region and its morphology Emission in the C92a line was detected toward the H II region in the velocity range from D9 to 15 km s~1. This is shown in which presents the individual line maps. [06¡11@07A .4, Because of the coarse spectral and spatial resolution of our observations it is not possible to discern whether or not the C92a emission arises from a clumpy structure with multiple velocity components. In what follows we will assume that the emission arises from a single component. The spectra of the C92a line emission integrated over the detectable area is shown in From a Gaussian Ðt we Ðnd that the line Figure 5 . has a central velocity of 11.9^0.3 km s~1 and a line width (FWHM) of 4.7^0.7 km s~1 (see Table 1 ).
Emission in the He92a line was not detected toward the H II region at the 3 p level of D4 mJy beam~1. Our upper limit, is not stringent enough to conÐrm the H è /H`¹ 0.15, classiÐcation of the exciting star as an early B-type star.
21 cm H I L ine
Toward the H II region associated with the GGD 12È15 objects we detect both H I in emission, in the velocity range from 14 to 19 km s~1, and H I in absorption, in the velocity range from 10 to 13 km s~1. We note that toward this star-forming region it was easy to distinguish between the H I emission associated with the H II region and background di †use interstellar H I emission because of the compactness of the former. Individual line maps of the H I 21 cm transition are shown in
The cross in these maps Figure 6 . shows the peak position of the 21 cm radio continuum map.
The H I spectrum integrated over the whole source is shown in
The parameters resulting from a simulta- Figure 7 . neous Ðt of an emission and an absorption Gaussian component to this spectrum are presented in The Table 1 . emission component has a deconvolved angular size of D23A, an LSR radial velocity of 15.4^0.4 km s~1, and a line width of 4.0^0.5 km s~1. The absorption component is unresolved (¹22A), is centered at the velocity of 11.7^0.6 km s~1, and has a line width of 2.9^0.7 km s~1. In the velocity range from 0 to 9 km s~1 we observed two small absorption components that we interpret as arising from H I clouds in the line of sight. These two absorption components were not taken into account in the Gaussian Ðt (see At intermediate velocities the emission and Fig. 7) . absorption components partially cancel each other. The velocity of the absorption component is similar to that of the C92a line, suggesting that both lines are coming from the same volume, in this case a PDR with a velocity close to the ambient molecular cloud velocity (11 km s~1). We Ðnd that there is a di †erence in the peak position of the emission and absorption H I components. The peak H I absorption is coincident in position with the H II region, whereas the H I emission component has its maximum shifted to the east of the H II region. This can be clearly appreciated in Figure 8 , which presents a velocity versus position diagram along a line of constant declination, which d(1950) \ [06¡11@06A .0, shows how the H I emission component is shifted in position to the east and also redshifted in velocity with respect to the molecular velocity.
DISCUSSION
The electron temperature of the H II region can be estimated from the H92a recombination line assuming that the ionized gas is in local thermodynamic equilibrium (LTE) (see eq.
[1] of et al.
From the observed line-toGaray 1994). continuum ratio, of 0.176, and *v \ 14^0.6 km s~1, S L /S C , we obtain K. As is largely known, the T *^7 800^800 assumption of LTE conditions may not give reliable estimates of the electron temperature. In order to estimate the LTE departure coefficients, we used an iterative procedure to reproduce the observed line-to-continuum ratio following & Salem and derive the actual elecBrocklehurst (1977) tron temperature, K, and an electron T e^6 700^700 density, cm~3. The thermal line width n e^1
.5 ] 104 expected for such electron temperature is 17^2 km s~1, which is consistent, within the errors, with our line width estimate. The velocity Ðeld derived from the H92a line observations, showing that the velocity of the ionized gas increases steadily from a value of D11 km s~1 at the head to D15 km s~1 in the tail (see together with the Fig. 3) , observed continuum morphology, strongly suggests that this H II region is in the champagne phase.
T he Photodissociated Region

T he C92a Emission
In LTE conditions, C`emission coming from the H II region would have a C`/H`intensity ratio close to the cosmic [C/H] abundance ratio of D3.7 ] 10~4 (Cameron Instead, in our case, the observed C`/H`intensity 1973). ratio is 0.46, 3 orders of magnitude higher than the cosmic value. The C`line emission most probably originates in the . velocity of the C`emission, 11.9^0.3 km s~1, is close to both the velocity of the ambient molecular cloud and the velocity of the ionized gas at the head of the H II region, in support of the PDR interpretation. Assuming that the line width of the C92a emission, 4.7 km s~1, is due to thermal broadening, we derive an upper limit for the temperature of the PDR of 5000 K. Further observations of other recombination lines covering a wide range of principal quantum numbers, at higher spectral and spatial resolution, are needed to derive accurate parameters n(C`)] of the [n e
, T e , photodissociated medium.
T he 21 cm Hydrogen L ine
The 21 cm H I spectrum shows emission and absorption components (see We interpret the H I absorption Fig. 7) . feature as arising from neutral gas in front of the head of the H II region. Its velocity is similar to that of the C92a line and to the ambient molecular gas velocity. On the other hand, the H I in emission, which peaks to the east of the H II region, probably comes from the PDR gas that is accelerated toward lower density regions, as the ionized champagne Ñow does. An image showing the most likely spatial locations of the di †erent physical components seen toward the H II region in GGD 12È15 is presented in The Figure 9 . H I in emission is arising from the surrounding gas probably related with the tail of the cometary H II region that recedes from us. In what follows we derive, using the 21 cm line observations, an estimate of the excitation temperature of the H I region. In general, the beam-averaged brightness temperature at the center of the line, of H I line emis-T L (0), sion produced in a gaseous source in front of a continuum source, in this case the H II region, is given by
where is the excitation temperature of the H I, is the T ex T 0 brightness temperature of the H II region at the frequency of the H I line, and are the Ðlling factors of the H I and we Ðnally derive K, which T L (0) T ex^2 20 corresponds, given the assumptions, to a lower limit of the actual value. On the other hand, if we assume that the line width of the H I emission feature is purely due to thermal broadening, then we derive an upper limit to the excitation temperature K. In the following discussion we T ex ¹ 350 will adopt K for the excitation temperature T ex D 300^50 of the H I gas. This value for the excitation temperature is similar to that determined for NGC 2023, another PDR region photodissociated by an early B star (Steimanet al. & Rodri guez Cameron 1997 ; Lebro n 1997) . Absorption feature.ÈToward the H II region the line appears in absorption ; therefore, From our
, we determine that the brightness temperature of the absorption line is T L (0)[ 22 K, whereas for the continuum emission we Ðnd T 0 K. Since the beam-averaged brightness of the f H II^2 3 H I absorption line is comparable in absolute value with the beam-averaged brightness of the continuum, one can conclude that the H I is signiÐcantly optically thick, q L (0) [ 1, in agreement with the previous assumption.
In summary, the H I and C II observational results in the vicinity of GGD 12È15 suggest the presence of a photodissociated region around the cometary-like H II region. In what follows we determine more accurately the physical parameters of the H I region using the 21 cm H I data and a model for PDRs.
A MODEL FOR THE PHOTODISSOCIATION REGION
We have used a spherical model of a photodissociation region with the purpose of Ðtting the observed 21 cm line proÐle and obtaining physical properties of the PDR. The details of the model will be published elsewhere (Escalante et al.
The model takes into account the geometrical 1998). dilution of the radiation that penetrates the molecular cloud and dissociates the molecules to produce a spherical shell of atomic hydrogen around the H II region. Although the model can consider the cases of variable density and temperature, we chose a homogeneous and isothermal photodissociation region to reduce the number of free parameters. We considered a local Gaussian velocity Ðeld with a thermal and a turbulent contribution to the velocity dispersion and used the dust FUV e †ective absorption cross section of 6 ] 10~22 cm~2 per hydrogen atom given by & Bertoldi The model produces an expected Draine (1996) . proÐle and gives the spatial distribution, total mass, and column density of the dissociated hydrogen.
The cometary H II region associated with GGD 12È15 seems to be undergoing a champagne Ñow as discussed in
In fact, the kinematics of the H I gas in emission (°3.2.1). indicates that this atomic gas is also expanding like the ionized gas, as expected if both expand, out of equilibrium, in a common density gradient. Since the models are spherically symmetric and cannot account for this asymmetric Ñow, we consider an "" equivalent ÏÏ spherical system : a spherical H II region produced by the central star in GGD 12È15 at a LSR velocity plus a surrounding PDR with V c , an isotropic slow expansion velocity
The velocity is V 0 . V c the mean velocity between the beginning of the absorption line and the end of the emission line. This equivalent model can produce the observed P CygniÈlike proÐle shown in the outÑow velocity produces the asymmetry in Figure 7 : V 0 the absorption and emission line proÐles, whereas the central velocity provides a shift in the whole modeled V c proÐle. In particular, for GGD 12È15, the local velocity dispersion given by the velocity-spread parameter b \ [2 (ln 2)1@2]~1*v(FWHM), is larger than (see This V 0 Table 2 ). implies that the spherically symmetric equivalent model is not a bad approximation of the PDR since its properties are a †ected more by the local value of b than by the champagne outÑow (modeled by V 0 ). \ [4¡. Contour levels are [15, [9, [7, [5, 12, 15, 20, and 25 ] 5.5 mJy beam~1, with continuous contours indicating emission and dashed contours indicating absorption. The cross indicates the radio continuum peak position at 21 cm.
The independent input parameters of the model are the total number density, where n(H I) n T \ n(H I) ] 2n(H 2 ), and are the number densities of the atomic and n(H 2 ) molecular hydrogen, respectively, the excitation temperature, and the 21 cm line Gaussian width given by T ex , the velocity-spread parameter, b. The model also depends on the properties of the central H II region. Ignoring dust absorption inside the H II region, we Ðnd that the parameters that characterize it are the e †ective temperature of the central star which give the rate of ionizing and FUV T eff , photons, the electron density and the electron temn e , perature
We interpolated the ionizing Ñux from the T e . tables of
The FUV photon Ñux needed in Thompson (1984) . PDR models can be reasonably well represented by a blackbody radiation Ðeld for B stars & Hollenbach (Tielens 1985 ; et al. & Dalgarno These Spaans 1994 ; Sternberg 1989) . parameters can be constrained by observations of the H II region. Furthermore, to reduce the number of free parameters we assumed that n T \ n e .
gives the input and output parameters of the Table 2 model and their range of variation, *, allowed by the noise in the observed proÐle. The predicted proÐle is shown in
The required is close to the value obtained Figure 10 .
T eff from the radio continuum observations
The total (°3.1). number density, coincides with the electron density n T , derived in the H II region. It is interesting to note that the theoretical Stro mgren radius, given the above electron number density and assumed central star, is pc, R S \ 0.022 larger than the observed deconvolved angular size at 3.6 cm (0.015 pc). This di †erence is probably due to the low optical depth at this wavelength.
It is also interesting to explore the parameter space, trying to understand under which conditions an absorption of the observed magnitude could be produced. Some features of the predicted proÐle of the 21 cm line show strong sensitivity to the chosen parameters. In particular, we found that the absorption only appears in the proÐle if b is close to the thermal limit km s~1, i.e., a large turbulent 0.1290T ex 1@2 size of the PDR increases more rapidly with decreasing density than the size of the H II region. Thus, a lower density produces a larger mass of H I in emission, whereas the optical depth, which is proportional to the column density, remains almost constant Table 2. shown in An increase in the temperature of the Figure 11b . star increases the number of ionizing photons and, therefore, increases the H II region size slightly more than the PDR size (produced by the FUV photons). The net e †ect is to increase the magnitude of the absorption with respect to the emission.
The large sensitivity of the space-integrated 21 cm proÐle to variations in the parameters of the model is due to the cancellation of emission and absorption contributions of the gas at a given velocity. We conclude that, if reasonable assumptions to constrain some parameters are made, it is possible to estimate the parameters of the H I with considerable accuracy.
CONCLUSIONS
Using the VLA we have observed continuum (2, 3.6, and 20 cm) and line (H I 21 cm, C92a, and H92a) emission toward the H II region in the vicinity of GGD 12È15. Our main conclusions are as follows.
The H II region exhibits a cometary morphology that has been ionized by a B0.5 ZAMS star (L * D 1.1 ] 104 L _ ) embedded in a molecular cloud. The velocity of the ionized gas at the head of the cometary region is similar to the velocity of the ambient molecular cloud (D11 km s~1) and increases toward the tail where it reaches a velocity of D15 km s~1. From the observed kinematics and morphology we suggest that this H II region is undergoing a champagne Ñow. The H92a line proÐle observed toward the H II region exhibits an asymmetric shape, which we interpret as a superposition of two emission line components : one from the H II region and the other from a cooler partially ionized medium (H0). The two line components are centered at 14.4 and 10.4 km s~1 and their line widths are 14.1 and 3.6 km s~1, respectively. Using the line-to-continuum ratio of the H92a line in combination with non-LTE modeling, we estimate an electron temperature and density of 6700^700 K and 1.5 ] 104 cm~3 for the H II region. We suggest that the C92a emission detected toward the H II region is arising from the photodissociated region around it since the C`/H`intensity ratio is orders of magnitude higher than the cosmic abundance ratio and the central velocity of the C92a line is similar to the ambient molecular cloud velocity.
The 21 cm H I spectrum toward the H II region shows a P CygniÈlike proÐle. The absorption component has a central velocity of 11.7 km s~1, similar to the velocity of the ambient molecular cloud, and lies in front of the H II region. from the PDR that accelerates toward the lower density regions as is the case for the ionized champagne Ñow. Using the 21 cm H I data observations and an isothermal PDR model we estimate an excitation temperature of D330 K, a hydrogen column density of D5.8 ] 1021 cm~2, a H I density of D1.5 ] 104 cm~3 and a H I mass of D5 The M _ . mass in photodissociated hydrogen is about 3 orders of magnitude larger than the mass in ionized hydrogen (D2 ] 10~3 M _ ). The H I and C`emission detected in the peripheries of the ionization region indicate direct photodissociation of the surrounding molecular gas by the exciting central star. At a distance of 1 kpc the size of the ionized region is about 0.01 pc, very small compared with the PDR (C`and H I 21 cm) size, which is about 0.1 pc. We suggest that studies in various principal quantum numbers of carbon radio recombination lines are necessary to model the parameters of the PDR more accurately.
